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Abstract Aberrant de novo lipid synthesis is involved in the progression and treatment resistance of many types
of cancers, including lung cancer; however, targeting the lipogenetic pathways for cancer therapy remains an
unmet clinical need. In this study, we tested the anticancer activity of orlistat, an FDA-approved anti-obesity drug,
in human and mouse cancer cells irn vitro and in vivo, and we found that orlistat, as a single agent, inhibited the
proliferation and viabilities of lung cancer cells and induced ferroptosis-like cell death in vitro. Mechanistically, we
found that orlistat reduced the expression of GPX4, a central ferroptosis regulator, and induced lipid peroxidation.
In addition, we systemically analyzed the genome-wide gene expression changes affected by orlistat treatment
using RNA-seq and identified FAF2, a molecule regulating the lipid droplet homeostasis, as a novel target of
orlistat. Moreover, in a mouse xenograft model, orlistat significantly inhibited tumor growth and reduced the
tumor volumes compared with vehicle control (P < 0.05). Our study showed a novel mechanism of the anticancer
activity of orlistat and provided the rationale for repurposing this drug for the treatment of lung cancer and other
types of cancer.
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Introduction approved by the US Food and Drug Administration (FDA)

for the treatment of obesity [8]. The targets of orlistat are
not specific, and orlistat has also been shown to inhibit the
activity of fatty acid synthase (FASN), a key enzyme for
de novo lipid synthesis [9]. Orlistat has been previously
tested as a FASN inhibitor in several types of cancer cells,
which inhibits cancer cell proliferation and metastasis in
animal models [10—-15]. Recent studies also showed that
orlistat impaired cell growth and downregulated PD-L1
expression in human T cell leukemia cell line [16], and it
also inhibited metastasis in mouse melanoma model
possibly through increasing the populations of dendritic
cells, natural killer cells, and CD8 T lymphocytes [14],
indicating that the multiple mechanisms and targets could
be involved in the anticancer activity of orlistat. However,
systemic analysis of the targets of orlistat has not been
performed, and its potential anticancer activity in lung
cancer models is unknown.

Significant advances have been made in the diagnosis and
treatment of lung cancer; however, lung cancer remains as
the leading cause of cancer-related death worldwide, with
an estimate of 1.8 million lung cancer deaths each year [1].
Therefore, effective therapies are needed for this fatal
disease. Recent studies have found that the lipogenic
pathway plays an important role in lung cancer progression
and treatment resistance [2—4], and agents targeting this
pathway have shown some preclinical efficacies [5,6].
However, developing effective agents targeting the
lipogenetic pathway for cancer therapy remains an unmet
clinical need.

Orlistat is a potent inhibitor of gastric and pancreatic
lipase, and it can reduce dietary fat uptake [7,8]. It has been
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In this study, we tested the anticancer activity of orlistat
in human and mouse lung cancer cell lines in vitro and
in vivo and analyzed the genome-wide gene expression
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changes using the RNA-seq method. We found that orlistat
inhibited the proliferation and induced ferroptosis-like cell
death of lung cancer cells in vitro and inhibited tumor
growth in vivo. In addition, orlistat inhibited lipid
peroxidation and reduced the protein level of glutathione
peroxidase 4 (GPX4), a ferroptosis regulator. We also
identified FAS-associated factor 2 (FAF2) as a novel
orlistat target, which might be partially involved in the
anticancer activity mediated by orlistat treatment.

Materials and methods
Reagents

MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl2-H-tetra-
zolium bromide) was bought from Sigma-Aldrich (St.
Louis, MO, USA). Orlistat was purchased from Selleck
Chemicals (Shanghai, China). Annexin V-FITC/PI apop-
tosis assay kit was purchased from BD Biosciences. Cy-
BODIPY581/591 (D3861) probe was purchased from
Invitrogen™. Antibodies for PARP (Cat#: 9532), p-ERK1/
2 (Cat#: 4370), Vinculin (Cat#:13901), and secondary
antibodies were obtained from Cell Signaling Technology.
Antibodies for GPX4 (GTX65845) and FAF2 (GTX115680)
were purchased from GeneTex.

Cell lines and cell culture

Human NSCLC lines H1299, A549, and mouse lung
cancer cell line LLC were purchased from the Chinese
Academy of Sciences Cell Bank (Shanghai, China). H1299
and A549 cells were cultured in RPMI-1640 medium
(Gibco, Gaithersburg, MD, USA) supplemented with 10%
fetal bovine serum (FBS) in 5% CO, at 37 °C. LLC cells
were cultured in DMEM medium (Gibco) supplemented
with 10% FBS with 5% CO, at 37 °C.

Cell viability assay

H1299, A549, and LLC cells were cultured in 96-well
plates (3 x 10° cells/well) overnight, and cells were
treated with different concentrations of orlistat for 72 h.
Cell proliferation was assessed by MTT assay. Each value
was normalized by the readings from the cells treated with
DMSO. Independent experiments were performed three
times.

Colony formation assay

H1299, A549, and LLC cells were seeded in 6-well plates
(1 x 10° cells/well) and incubated overnight. Then, cells
were treated with different concentrations of orlistat. Plates
were placed at 37 °C, 5% CO,, for 1 week. After fixation
with paraformaldehyde for 15 min, cells were stained with

crystal violet for 15 min and then placed under a
microscope to count the number of clones with over 50
cells.

Flow cytometry assay

H1299, A549, and LLC cells were seeded in a 6-well plate
(3 x 10° cells/well) and incubated overnight. Then, cells
were treated with various concentrations of orlistat for
36 h. Cells were harvested and washed with PBS and
resuspended in 5 mL binding buffer containing annexin V-
FITC/PI. Fluorescence-activated cell sorting was per-
formed to analyze cell death and apoptosis.

Western blotting

Cells were lysed using RIPA buffer supplemented with
protease inhibitor cocktail. The protein concentrations
were measured using a BCA protein assay. Proteins (60
ng) were separated using 10% SDS-PAGE and transferred
onto PVDF membranes. The membranes were blocked
with 5% non-fat milk in TBST (TBS with Tween) at room
temperature for 2 h, followed by incubation with primary
antibodies overnight at 4 °C. The membranes were rinsed
with TBST three times and then incubated with secondary
antibody for 1 h at room temperature. The results were
visualized with the enhanced chemiluminescence.

Lipid peroxidation assay with the fluorescent probe
C11-BODIPY581/591

H1299 and A549 cells were cultured in a 6-well plate
(2 x 10° cells/well) overnight and then treated with
various concentrations of orlistat for 24 h. C,;-BOD-
IPY581/591 was dissolved in DMSO to make a 5 mmol/L
stock solution, and 25 pLL was added into each well. Then,
the plate was returned to a tissue culture incubator for 20
min. The plate was removed and washed with PBS, and
images were acquired with a Zeiss Axio Observer
fluorescence microscope.

RNA-seq and data analysis

Cells were treated with 30 pumol/L of orlistat for 48 h.
Then, total RNA was prepared using TRIzol (Invitrogen).
cDNA library construction and RNA-seq analysis were
performed at the Jiema DNA Biotech Company (Shanghai,
China). In brief, mRNA was enriched from total RNA
using Dynal magnetic beads (Invitrogen) and fragmented
(approximately 200 bp) with alkaline hydrolysis
(Ambion). Library was prepared and sequenced using an
[llumina machine. STAR v2.5 was used to map the data in
mouse genome (10 mm) with mismatch = 2. Read numbers
for each gene were counted using HTSeq v 0.6.1.
Differential gene expression analysis between the control
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and treatment groups was conducted using DESeq2 R
package (v 2 1.6.3) to generate fold changes (FC), P
value, and false discovery rate (FDR = 0.05) adjusted P
values. Significantly differential expressed genes (adjusted
P < 0.05) and associated signaling pathways were
annotated with the online program ENRICHR.

Real-time polymerase chain reaction (PCR) analysis

Cells were treated with orlistat for 48 h, and then total
RNA was isolated with TRIzol reagent. Total RNA (2 pg)
was used for reverse transcription with cDNA synthesis kit
(Invitrogen). Real-time PCR primers for human FAF2 and
GAPDH (internal control) genes were purchased from Bio-
Rad. Real-time PCR was performed with iQ SYBR Green
Supermix (Bio-Rad) on a CFX96 real-time PCR machine
(Bio-Rad).

Gene knockdown and overexpression

Cells (5 x 10°) were grown in 6-well plates for 24 h and
transfected with pcDNA-FAF2, FAF2-siRNA, or empty
vector using Lipofectamine 2000 (Invitrogen), according
to the manufacturer’s instructions. siRNA-FAF2 (5'-
CAUUCCGGUUUACCUAUUTT-3"; 5'-AAUAG-
GUAAACCGGAAUGGTT-3"), siRNA-Control, pcDNA-
FAF2, and pcDNA3.1 vector were purchased from
GenePharma (Shanghai, China).

In vivo experiments

C57BL/6 mice were anesthetized, and 5 x 10° LLC cells
were implanted subcutaneously into the right flank. Five
days post-implant, mice were randomized and assigned
into two groups and treated with orlistat (10 mg/kg,
intraperitoneal injection) or PBS daily for 14 days. The
tumor volume was measured twice a week with a caliper,
and the tumor volume was calculated according to the
formula ((length x width?)/2). On the 22nd day, all mice
were sacrificed, and the tumors were removed and
weighed. The animal studies and procedures were
approved by the Institutional Animal Care and Use
Committee at Bengbu Medical College.

Immunohistochemistry (IHC) staining

IHC staining was performed by using the horseradish
peroxidase (HRP) method (Vector Laboratories). In brief,
after antigen-retrieval procedure, tissue slides were washed
with PBS, blocked with 3% BSA for 1 h at room
temperature, and then stained with antibodies against FAF2
(1:100; GTX07993, GeneTex), followed by incubation
with HRP-conjugated second antibody. The results were
visualized with 3,3-diaminobenzidine (DAB).

Statistical analyses

All data were analyzed using GraphPad Prism 8.0 software
(California Corporation). The results were expressed as the
mean + SD. Differences between each group of values
and its control were evaluated by Student’s ¢-test.
P < 0.05 was considered statistically significant.

Results
Orlistat inhibited lung cancer cell proliferation

Orlistat is a lipase inhibitor approved for the treatment of
obesity, and evidence has shown that it can also inhibit
FASN activity, thereby inhibiting the cellular lipogenic
pathway. We tested the anticancer activity of orlistat using
MTT and colony formation assay with three lung cancer
cell lines (A549, H1299, and LLC) to investigate whether
orlistat has therapeutic potential for lung cancer. The
results showed that cell growths were significantly
inhibited by orlistat in a dose-dependent manner in all
three cell lines. In particular, we found that 30 pmol/L of
orlistat suppressed cell growth by 50%—75% (Fig. 1A). In
colony formation assay, orlistat significantly inhibited
colony numbers at the doses of 10-100 pumol/L (Fig. 1B
and 1C). These results indicated that orlistat inhibited the
proliferation of lung cancer cells.

Orlistat induced ferroptosis-related cell death

We treated the cells with different doses of orlistat for 36 h
to test if orlistat could induce apoptosis or cell death, and
then cell death and apoptosis were measured by annexin V-
FITC/PI assay using flow cytometry. The results showed
that orlistat induced dramatic cell death and apoptosis of
A549, H1299, and LLC cells (Fig. 2A-2C). Using Western
blotting, we tried to determine whether orlistat could
induce cleaved PARP, an apoptotic marker. However, no
cleaved PARP was detected in orlistat-treated A549 or
H1299 cells, indicating that orlistat-induced cell death
might not be mediated by the classical apoptotic pathway.
Then, we checked the expression of GPX4, a key molecule
in ferroptosis regulation, by inhibiting peroxidation, and
the result showed that GPX4 was dramatically reduced by
orlistat treatment. In addition, phosphor-ERK (p-ERK),
which positively regulates ferroptosis, was upregulated by
orlistat treatment in both cell lines (Fig. 2D). These results
indicated that orlistat might induce ferroptosis-mediated
cell death.

Orlistat induced lipid peroxidation

We used the C;;-BODIPY581/591 lipid probe to analyze
lipid peroxidation, which is a marker for cell ferroptosis
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Fig. 1 Orlistat inhibits lung cancer cell proliferation. (A) Cell growth was measured with MTT assay after treatment with orlistat for 72
h. Data were represented as mean + SD (* P < 0.05, ** P < 0.01, *** P < 0.001). (B and C) Colony formation assay: cells were treated
with orlistat for 1 week, and cell colony was counted and analyzed. Data were represented as mean = SD (*P < 0.05, **P < 0.01,
*¥**P < 0.001).
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Fig. 2 Orlistat induced ferroptosis-like cell death. (A—C) Flow cytometry analysis of cell apoptosis in lung cancer cells with the annexin
V-FITC/PI method after orlistat treatment for 36 h. (D and E) Western blotting analysis was conducted to measure the expression of PARP,
p-ERK1/2, and GPX-4 after treatment with orlistat for 48 h.
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[17]. C1;-BODIPY581/591 is normally used to measure
antioxidant activity in the lipid environment, and it stains
lipid membrane and displays red fluorescence when
unoxidized lipid is present [17]. The fluorescence is lost
upon interaction with peroxyl radicals, which are products
from lipid peroxidation. The results showed that different
doses of orlistat dramatically reduced the red fluorescence
intensity (Fig. 3A and 3B), indicating that orlistat induced
lipid peroxidation. In addition, we observed that Ci;-
BODIPY581/591-stained vesicles were reduced by orlistat
treatment (Fig. 3A and 3B). These results further indicated
that orlistat induced cell lipid peroxidation.

Genome-wide profiling of gene expression changes
mediated by orlistat

We used RNA-seq to profile the genome-wide gene
expression changes in LLC lung cancer cells after
treatment with orlistat (30 umol/L) for 24 h, understand
the detailed mechanism of the anticancer activity of
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orlistat, and identify novel targets. With a false discovery
rate of 5% and adjusted P value of 0.05, we identified 77
differential expressed genes (Fig. 4A). In addition, analysis
of these genes with ENRICHR revealed that multiple
pathways were inhibited by orlistat treatment, including
proteasome-activating ATPase, lipase inhibitor activity,
and RNA polymerase I/Il activity, whereas the signaling
pathways involved in mesenchymal—epithelial transition,
endocytic recycling, and cellular response to cholesterol
were upregulated (Fig. 4B and 4C). In particular, we found
that FAF2 or UBX domain-containing protein 8§ (UBXDS),
a molecule regulating lipid droplet (LD) formation and
homeostasis, was downregulated by orlistat treatment (Fig.
4A), indicating that FAF2 could be a novel target of
orlistat. Using quantitative real-time PCR, we confirmed
that FAF2 was downregulated in H1299 and A549 cells
after treatment with different doses of orlistat (Fig. 4D).
Moreover, downregulation of FAF2 by orlistat was
validated with Western blotting in both cell lines
(Fig. 4E). These results indicated that orlistat suppressed
FAF2 expression in lung cancer cells.
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Fig. 3 Assessment of lipid peroxidization. (A) Cells were treated with different concentrations of orlistat and DMSO for 24 h; cells were
stained with C;;-BODIPY581/591 to analyze lipid peroxidization under a fluorescence microscope, and representative images were
shown. (B and C) Quantifications of fluorescence intensity. Data were represented as mean + SD (*P < 0.05, **P < 0.01,

*ikP < 0.001).
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Fig. 4 Orlistat repressed the expression of FAF2. (A) RNA-seq analysis of the gene expression profile of LLC cells treated with orlistat
for 48 h. Heatmap was generated with significantly up- and downregulated genes (FDR = 0.05 and P < 0.05). (B and C) Gene set
enrichment analysis of up- and downregulated genes with online program ENRICHR. The pathways potentially affected by orlistat were
shown. (D) Real-time PCR validation of FAF2 mRNA expression in H1299 and A549 cells treated with different concentrations of
orlistat. (E) Western blotting analysis of FAF2 expression in H1299 and A549 cells treated with different concentrations of orlistat for
48 h.
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Orlistat inhibited cancer cell growth through FAF2
downregulation

FAF?2 is a LD-related factor regulating LD formation and
trafficking. We knocked down FAF2 expression in H1299
and A549 cells to test if downregulation of FAF2 is
involved in the viability inhibition of lung cancer cells
induced by orlistat and then treated the cells with orlistat
for 24 h to check cell viability (Fig. SA and 5B). The result
showed that the knockdown of FAF2 inhibited cell growth
in HI1299 and A549 cells (Fig. 5SA and 5B), and the
combination with 10 pmol/L of orlistat further decreased
FAF2 expression and enhanced the viability inhibition. In
addition, FAF2 was overexpressed through transient
transfection of FAF2-expressing plasmid in A549 cells
(Fig. 5E). Compared with the control vector, overexpres-
sion of FAF2 increased cell viability and rescued the
inhibitory effects mediated by orlistat treatment (Fig. SF).
Our results indicated that downregulation of FAF2 was
partially involved in orlistat-induced cell viability inhibi-
tion.

Orlistat inhibited tumor growth in vivo

We established a tumor model using the LLC lung cancer
cell line, and the mice were treated with orlistat for 14 days
to test its anticancer activity in vivo. The result showed that
compared with the control, orlistat significantly inhibited
tumor growth (P < 0.001; Fig. 6A). At the end of the
experiment, the tumor sizes and tumor weights were
reduced by 50% in the treatment group (Fig. 6B and 6C).
IHC staining also confirmed that orlistat dramatically
reduced FAF2 expression in the tumor tissues. This result
indicated that orlistat, as a single treatment agent, had
anticancer activity in the lung cancer model in vivo.

Discussion

Targeting the components of the cancer lipogenetic
pathway has been actively explored for cancer therapies
in preclinical models [9]. However, most of the FASN-
targeting agents, including C75 and Tofa, have either low
bioavailability or high toxicity, limiting their clinical use
[18]. Orlistat, an FDA-approved drug for obesity treat-
ment, inhibits FASN activity and documents clinical safety
profile [9]. Therefore, further study of the anticancer
activity and mechanism of action will facilitate repurpos-
ing of this drug for the treatment of multiple cancers with
dysregulated lipogenetic activity, including lung cancers
[4].

In this study, we showed that orlistat inhibited cell
proliferation and viability in three lung cancer cell lines. In
addition, using flow cytometry analysis, we revealed that

orlistat induced apoptotic cell death; however, in Western
blotting analysis, no cleaved PARP was detected in the
cells treated with orlistat, although the total PARP
expression levels were reduced by orlistat treatment in
both H1299 and A549 cells, indicating that orlistat-
induced cell death could be mediated by other mechanism.
Previous study indicated that orlistat could induce lipid
peroxidation in the rat brain [19], whereas lipid peroxida-
tion could cause the cell ferroptosis pathway, a regulated
cell death pathway mediated by iron ions or iron-contain-
ing enzymes [20]. Whether orlistat could induce ferropto-
sis has never been described. GPX4 is a central molecule
regulating ferroptosis through neutralizing lipid peroxides
[20]. Depletion of GPX4 in cancer cells could directly
trigger ferroptosis [21,22]. A previous study has also
shown that the activation of the MAPK pathway is
involved in cell ferroptosis mediated by reactive oxygen
species, whereas blocking MAPK protected the lung
cancer cells from ferroptosis [23]. In our study, orlistat
dramatically inhibited GPX4 expression and upregulated
phosphorylated MAPK/ERK (Fig. 2B). In addition, orlistat
induced lipid peroxidation in H1299 and A549 cells (Fig.
3A). These results were aligned with the characteristics of
ferroptosis-mediated cell death, indicating that orlistat-
induced viability inhibition and cell death could be
mediated by ferroptosis.

In this study, we explored the genome-wide gene
expression profile changes mediated by orlistat treatment
using RNA-seq. Among the many significantly affected
genes, we found that FAF2/UBXDS was a novel target
associated with lipid metabolism. The major role of FAF2
is to regulate the formation and trafficking of LD, whereas
its roles in cancer have not been reported, although one
recent report showed that it could be a biomarker for
melanoma metastasis [24]. In our study, we found that the
knockdown of FAF2 further enhanced the viability
inhibition induced by orlistat, whereas, overexpression of
FAF2 did the opposite. Our results indicated that the
downregulation of FAF2 could be partially involved in
orlistat-mediated anticancer activity. Nevertheless, the
underlying mechanism of FAF2 inhibition by orlistat
remained to be further explored, and whether inhibition of
FAF2 caused lipid peroxidation and ferroptosis also
needed to be determined in future studies.

We showed that orlistat inhibited the viability and
induced ferroptosis-like cell death of lung cancer cells, and
for the first time, we found that orlistat reduced the
expression of GPX4, a key molecule regulating cell
ferroptosis. Moreover, we analyzed the gene expression
profile affected by orlistat and identified a novel orlistat
target, FAF2, which might be involved in orlistat-mediated
anticancer activity. This study might facilitate clinical
translation of orlistat as a repurposed drug for the treatment
of lung cancers and many other types of cancer with
dysregulated lipogenetic pathways.
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